Despite very efficient superconducting nanowire single-photon detectors (SNSPDs) reported recently, combining their other performance advantages such as high speed and ultra-low timing jitter in a single device still remains challenging. In this work, we present a perfect absorber model and corresponding detector design based on a micron-long NbN nanowire integrated with a 2D-photonic crystal cavity of ultra-small mode volume, which promises simultaneous achievement of near-unity absorption, gigahertz counting rates and broadband optical response with a 3 dB bandwidth of 71 nm. Compared to previous stand-alone meandered and waveguide-integrated SNSPDs, this perfect absorber design addresses the trade space in size, efficiency, speed and bandwidth for realizing large on-chip single-photon detector arrays.
I. INTRODUCTION
Superconducting nanowire single-photon detectors (SNSPDs) 1,2 are recognized as one of the most important photon detection technologies in quantum information processing and communications [3] [4] [5] , due to their high internal quantum efficiency over a broad wavelength band [6] [7] [8] [9] [10] [11] , fast speed 12, 13 , excellent timing performance [14] [15] [16] and ultra-low dark count rates 17, 18 . However, these individual performance characteristics have been so far best optimized in separate device designs, and it still remains a challenge to incorporate all the high performance merits in a single device, due to the inherent trade-off between detection efficiency and bandwidth over a desired nanowire length. For example, in most high-efficiency SNSPD designs, it is preferable that the devices consist of an ultra-thin and millimeter-long superconducting nanowire meandered into a circular shape with >15 µm diameter to guarantee near-unity coupling efficiency from fiber to detector [6] [7] [8] 19 , which renders the detectors subject to speed limited by the large kinetic inductance of the long nanowires 20 . Integrating the nanowire detectors with on-chip optical waveguides could greatly increase the interaction time of the nanowire with photons and thereby reduce the absorption length of the nanowire down to tens of micrometers [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Nevertheless, the total length of the nanowire needs further scale down below 10 µm in order to realize gigahertz counting rates 32 . Moreover, the SNSPD with a record-low timing jitter below 3 ps is only demonstrated with a 5 µm-long NbN nanowire recently 14 in order to suppress the geometry-induced jitter 33 , albeit with a compromised detection efficiency due to direct fiber illumination. Considerable efforts have been devoted to further reducing the nanowire length by embedding the nanowires into a variety of cavities, such as 1D-, 2D-photonic crystal (PhC) cavities 12, 32, 34 and racetrack ring resonators 35 . While as short as 1 µm-long nanowires are demonstrated with a considerable absorption, the use of resonant cavities a) Electronic mail: hong.tang@yale.edu introduces spectral selectivity, resulting in an operation bandwidth of only several nanometers.
The main goal of this work is to design a near-perfect absorber for an ultra-short nanowire of a micron length while simultaneously maintaining a broad operation bandwidth around the telecommunication wavelength of 1550 nm. We begin by theoretically studying a general one-side cavity model in Section II to guide the optimization of the nanowire loaded cavity system. Then, we systematically investigate the absorption rates of the waveguide-integrated NbN nanowires in dependence on the index contrast of waveguides, nanowire geometry and varying waveguide types to maximize the photon loss per round-tip in the cavity (Section III). In Section IV, we present the design and simulation results of the ultra-short NbN nanowire integrated with an H0-type 2D-PhC cavity, which demonstrates an ultra-small mode volume and thus enables the nanowire to achieve a near-unity peak absorption efficiency combined with more than 70 nm 3 dB bandwidth maintained. In Section V, we compare our design with previous implementations of SNSPDs based on different device structures, and the results demonstrate orders of magnitude improvement achieved with our design in terms of the bandwidth-nanowire-length ratio, which holds promise for realizing a large array of high-performance on-chip singlephoton detectors for future integrated quantum photonic circuits.
II. ONE-SIDE CAVITY MODEL
In order to study the effect of the cavity on the nanowire absorption bandwidth, we propose a simple and general oneside cavity model as illustrated in Fig. 1(a) . The nanowire is placed inside a cavity which is formed by a full reflective mirror combined with another partial reflective mirror. Through the partial mirror, light could couple into and out of the cavity with the designed coupling coefficient κ, while r denotes the field amplitude reflection coefficient of the partial mirror. We assume there is no loss in the coupling region, and thus the relation r 2 + κ 2 = 1 holds. Using the transfer matrix method, we could relate the fields at the left and right side of the partial mirror as
where a in and a out represent the incident field and the reflected field from the cavity, while b 1 and b 2 denote the field inside the cavity propagating forward and backward, respectively. b 1 and b 2 are further related by
and
where α, θ , L, n eff and λ represent the amplitude attenuation coefficient, the round-trip phase shift, the cavity length, the effective index of the cavity and the wavelength of the incident light, respectively. By substituting Eq. (2) and Eq. (3) into Eq. (1), we obtain the power absorption efficiency A and the reflectance R of the cavity as follows:
In order to achieve a perfect absorption A = 1, Eq. (4) in-dicates that two conditions must be fulfilled. (1) The cavity needs to be on resonance, i.e., λ = λ res = 4n eff L/m or L = m/4(λ res /n eff ), where m is the longitudinal mode order number and has to be positive integers. (2) The critical coupling condition 36 should be satisfied, i.e.,r = α for odd m and r = −α for even m. The negative value of r indicates halfwave loss induced at the interface between the input medium and the cavity. This condition also leads to 1 − α 2 = κ 2 , suggesting that the coupled power into the cavity is equal to the loss. We note that α 2 mentioned here stands for the total loss of the photons per round-trip in the cavity, including the desired absorption by the nanowire as well as the intrinsic loss in the cavity due to dielectric loss, scattering and radiation. Therefore, the designed cavity should have negligible intrinsic loss compared to the nanowire absorption to guarantee all the photons coupled into the cavity is finally absorbed by the nanowire. From Eq. (4), we could derive the loaded quality factor Q l and the absorption bandwidth defined as the full width at half maximum (FWHM) of the resonance spectrum:
which can be further simplified at the condition of critical coupling (|r| = α) as
Equation (6) suggests that in order to realize a broadband absorber with large FWHM, Q l should be minimized, which can be achieved by simultaneously employing a cavity of small mode volume (smaller m or L) and enhancing the absorption efficiency of photons per round-trip in the cavity (smaller α). These results are further quantitatively visualized by plotting the calculated nanowire absorption spectrum for varying α and L in Fig. 1(b) and (c), respectively. We ignore any intrinsic loss in the cavity and assume all the photon loss is due to the absorption by the nanowire. In Fig. 1(b) , we observe a significant absorption bandwidth (> 200 nm) with the nanowire absorption rate α 2 = −1 dB, which can be easily obtained by NbN nanowires atop optimized high-index waveguides at micron length scale, as will be shown in the following Section III. Figure 1 (c) demonstrates that the FWHM decreases sharply as the mode number m increases, and thus the fundamental mode (m = 1) is desired for the largest bandwidth. This can explain the broadband nature of the meander-type SNSPDs with vertically integrated quarter-λ cavities [6] [7] [8] 37 , despite the minimum length of the nanowire is limited in another dimension. However, for on-chip integrated cavities, it is challenging to design a cavity with an extremely small mode volume combining low intrinsic loss due to the strong radiation and scattering of pho-tons at optical frequencies. For example, to maintain an acceptable radiation loss due to waveguide bending, m is typically designed larger than 20 for micro-ring resonators fabricated on the SOI platform 38 and even larger for other mediumindex waveguide platforms 39, 40 . Fortunately, the advent of PhC nanocavities 41, 42 provides us the possibility of trapping light in a smaller-than-wavelength mode volume by inhibiting radiation via photonic bandgap effect, which will be further discussed in Section IV.
III. STUDY OF NANOWIRE ABSORPTION RATES

A. High-index-contrast and medium-index-contrast waveguides
In this subsection, we first compare the absorption rates of NbN nanowires integrated with waveguides of different index contrast. As shown in the schematic drawings of Fig. 2 48 . The thickness, width and gap of the nanowire are set to 5 nm, 80 nm and 120 nm, respectively, based on previous experimental results 7, 8, 49 , which could guarantee saturated internal efficiency at 1550 nm wavelength.
By numerically solving the fundamental eigenmode of the waveguide, we extract the effective index of the propagating mode, the imaginary part of which corresponds to the absorption. The nanowire absorption rates can be obtained using the expression AR = 4.34(4πk eff /λ ) in units of dB/µm, where k eff is the imaginary part of the effective index. We only consider fundamental TE modes in this subsection, since TE modes are more widely used in the PhC cavity design due to their larger photonic bandgap than TM modes. Figure 2 (c) and (d) plot the simulated results of the nanowire absorption rates as a function of the waveguide width for varying MIC and HIC waveguide thickness. For both waveguide designs, the absorption rates show smooth dependence on the waveguide width, and the maximum peaks shift towards smaller width for increased waveguide thickness. For wider and thicker waveguides, the absorption rates decrease due to better confined optical mode and thus weaker evanescent coupling to the nanowire. On the other hand, the absorption rates also drop for narrower and thinner waveguides because of increased mode size and cut-off condition. As a result, the maximum absorption rate of 0.27 dB/µm is achieved with a 300 nm-thick and 1 µm-wide MIC waveguide. For HIC waveguides, we observe almost one order of magnitude enhanced value of 2.3 dB/µm occurring around 100 nm thickness and 550 nm width. This huge difference is not surprising, considering more compact mode profile achieved with HIC waveguides in comparison with MIC waveguides, as shown in Fig. 2(a) and (b). The simulation results are also in good agreement with previously reported experimental values [22] [23] [24] 26 . Therefore, we only focus on the optimization of HIC waveguide design in the following subsections.
B. Effect of nanowire geometry
In Fig. 3 , we show the effect of the nanowire geometry on its absorption rates. We use the HIC waveguide design shown in Fig. 2(b) in the simulation and set the thickness and width to 220 nm and 600 nm. The gap between the nanowires are kept 1.5 times the width of the nanowire to relieve the current crowding effect 50 . Interestingly, we observe that the absorption rates are nearly independent of the nanowire thickness in ultra-narrow (<40 nm width) region and start to grow rapidly for larger width beyond this region. We attribute this behavior to the limited penetration of the perpendicularly polarized electric field into the ultra-narrow nanowires, and sim- ilar features are also captured and utilized in meander-type SNSPDs before 48, 51 . The absorption rates tend to saturate with further increased nanowire width (>80 nm) due to displaced nanowire position from the center of the waveguide, where the evanescent field is the strongest. Based on these results, we choose slightly wider 80 nm nanowire of 5 nm-thick in the following discussions, allowing for better electric field penetration into the nanowire, while the nanowire is still narrow and thin enough for obtaining saturated internal efficiencies at the wavelength of 1550 nm 7, 8, 52 .
C. Effect of waveguide parameters
In this subsection, we continue to investigate the absorption rates of the nanowire integrated with waveguides of various types. Following the results of previous sections, we focus on high-index waveguide core material but change the index of upper and bottom claddings, as shown in Fig. 4(a) -(c), which respectively represent the air-cladding waveguide on SiO 2 , SiO 2 -cladding buried waveguide and fully suspended waveguide. Here, we only consider fundamental TE modes, since higher-order modes provide substantially reduced absorption rates due to larger mode size. Likewise, we do not show the results of partially etched rib waveguides, which have lower absorption rates compared with ridge waveguides because of larger and pulled-down mode profile 24 . Figure 4(d) -(f) demonstrate simulated NbN nanowire absorption rates versus waveguide width for varying type and thickness. The highest absorption rates are obtained with fairly thin waveguides of 100-140 nm thickness, which could provide strong evanescent field to couple with the nanowire. In comparison with the other two types of waveguides, the fully suspended waveguide (Fig. 4(f) ) shows significantly stronger absorption for a wide range of waveguide width and thickness due to further confined optical mode with higher index contrast.
IV. H0-TYPE PHC CAVITY INTEGRATION
Among a variety of PhC cavities, we choose H0-type cavity (also referred to as "zero-cell" cavity or "point-shift" cavity) due to the ultra-small mode volume and ease of integration with nanowire detectors. As shown in Fig. 5(a) and (b) , the cavity is formed by slightly shifting two air holes away from their original positions by s in the direction of Γ-K in a two-dimensional hexagonal lattice photonic crystal. Following the previous discussions, we use fully suspended slab made from material of 3.45 index for the PhC cavity design, while the thickness of the slab is chosen to be 220 nm, which is thicker than the optimal value shown in Fig. 4(f) , considering the trade-off between large enough band gap of the photonic crystal and strong evanescent field at the top surface where the nanowire is situated. We first start the optimization of the cavity from a lattice constant a of 480 nm to place the center of the band gap at 1550 nm wavelength. Then, iteratively tuning a, s (shift amount) and r (radii of the air holes), the best intrinsic quality factor Q i is obtained with r = 0.25a. As shown in Fig. 5(c) , the resonant wavelength increases with s and a, while the highest Q i always occurs around s = 0.15a independent of a. The decoupled Q i from a allows us to adjust the resonance of the cavity to the target wavelength by freely tuning a. We choose a = 455 nm for the resonant wavelength of 1550 nm, and a Q i of 132k combined with an ultra-small mode volume of 0.22(λ /n) 3 is achieved by 3D FDTD simulation.
Based on the optimized design of the cavity, we simulate the coupling quality factor (Q c ) and the absorption quality factor (Q a ) by either making a partial reflective mirror for the cavity (Fig. 6(a) ) or placing a NbN nanowire on the cavity (Fig. 6(b) ). In Fig. 6(a) , a W1-type PhC waveguide is formed by removing a row of the holes at the left side of the cavity, and a front partial mirror is inserted in between to couple the waveguide to the cavity. The reflectivity of the mirror or the coupling strength could be tuned by changing the number and the radii of the coupling holes making up the mirror. As shown in Fig. 6(b) , the NbN nanowire detector comprises two of 120 degree arcs placed atop the slab and adjacent to the inner edges of the two shifted holes forming the cavity. The thickness, width, radius and total length of the nanowire arcs are 5 nm, 80 nm, 265 nm and 1.1 µm, respectively. The closest gap between the nanowire and the hole is set to 30 nm, considering a typical alignment tolerance in electron-beam exposure process. Figure 6(c) shows the simulated Q a along with Q c depending on the number and radii of the coupling holes. With the nanowire loaded as a strong absorber, the cavity shows substantially reduced quality factor (Q ≈ Q a = 39.8) in sharp contrast to its Q i . We could obtain near-unity absorption for the nanowire by engineering Q c and fulfilling the critical coupling condition (Q c = Q a , equivalent to |r| = α in Fig. 1(a) ). As can be seen in Fig. 6(c) , the matching condition requires two coupling holes and the optimal hole radius to be approximately 65 nm.
In order to further investigate the maximum absorption and the frequency response of the nanowire-cavity system, we excite a propagating mode in the coupling PhC waveguide and simulate the absorption by the nanowire as a function of the wavelength around 1550 nm. As shown in Fig. 6(d) and (e), the electric field is strongly confined at the inner edges of the shifted holes, resulting in greatly enhanced power absorption at the center of the nanowire arcs. We note that the electric field and thus the absorption at the ends of the nanowire arcs are very weak, and therefore the nanowires could be quickly tapered to much thicker wires for the electrical connection without introducing much extra absorption in the photoninsensitive area. Figure 6 (f) shows the wavelength-dependent nanowire absorption efficiency normalized to the incident power carried by the coupling waveguide. As the size of coupling holes increases, we could clearly see the transition from over-coupling (Q c < Q a ) to under-coupling (Q c > Q a ). The critical coupling condition is fulfilled with two 70 nm-radius holes, and the maximum absorption of 98.6% is recorded at 1549.6 nm. We attribute the remaining photon loss to the scattering, which could be further reduced by structure optimization, such as individual tuning of the two coupling hole sizes and positions. From the numerically simulated spectrum, the FWHM or 3 dB bandwidth at the critical coupling condition is 71 nm, corresponding to a overall loaded quality factor Q l = 21.8, which is in good agreement to the prediction results by the method of quality factor matching ( Fig. 6(c) 
V. DISCUSSION AND CONCLUSION
There is a general trade-off in all cavity-integrated perfect absorber design between the absorption volume and the absorption bandwidth, as derived from Eq. (6). For example, for less absorption volumes (smaller α) or shorter nanowires in the case of cavity-integrated SNSPDs, the photons are expected to experience more round-trips inside the cavity to achieve a near-unity absorption, which entails higher finesse of the cavity (larger Q l for the fixed cavity mode volume) at the expense of reduced bandwidth. Therefore, we introduce a figure of merit defined as bandwidth-nanowire-length ratio F = B/NL to balance the design compromise between B Ref. 53 Microfiber-coupled meander nanowire 1100 870 0.8
Ref. 35 Racetrack resonator integration 1 1 1 Ref. 34 1D-PhC cavity integration 8.5 5.6 0.7 Ref. 32 1D-PhC cavity integration 1 10 10 Ref. 12 2D-PhC cavity integration 3 13.2 4.4 This work H0-type PhC cavity integration 1.1 71 64.5
and NL, where NL is the length of the nanowire required for achieving near-unity maximum absorption, and B stands for the 3 dB bandwidth of the nanowire absorption spectrum. Table I shows the comparison of our work in terms of B, NL and F with other types of recently demonstrated SNSPDs, including meander-type detectors integrated with vertical cavities, detectors integrated with waveguides and various types of on-chip cavities. In comparison with traditional meandertype SNSPDs, our H0-type 2D-PhC cavity design shows two orders of magnitude improved F = 64.5 with a dramatically reduced nanowire length down to 1.1 µm. In the meanwhile, this design still maintains a significantly enhanced 3 dB bandwidth of 71 nm, compared to other cavity-integrated SNSPDs. It should also be mentioned that the fully suspended HIC waveguide that our designs are based on could be realized either on Si or GaAs platforms, which benefit the realization of photonic circuits in very compact size. In particular, GaAs has drawn great interest of research recently due to its strong χ (2) and χ (3) nonlinearity 47 , large electro-optic effect 54 as well as the capability of on-chip single-photon detector integration 25 and quantum dots growth as on-demand single-photon sources 55 . These excellent optical functionalities renders GaAs a very promising candidate platform for realizing fully integrated quantum photonic circuits with the generation, routing, active manipulation and the final detection of single-photons on a single chip 55, 56 .
Combined, we expect that our proposed design will enable a large array of high-performance on-chip single-photon detectors for the future fully integrated quantum photonic circuits, simultaneously offering high efficiency, large bandwidth, ultra-low jitter, ultra-fast gigahertz counting rates as well as high fabrication yield.
